INTRODUCTION
Although advances in nutrition and production management (i.e., cooling systems and barn design) have partially ameliorated the negative effects of heat stress (HS) on animal agriculture, production losses continue during the warm summer months (St-Pierre et al., 2003; Baumgard et al., 2012) . Sources of reduced revenue in the swine industry include reduced growth, poor sow performance, increased morbidity and mortality, inconsistent market weights, and altered carcass ABSTRACT: The detrimental effects of heat stress (HS) on animal productivity have been well documented. However, whether in utero HS interacts with a future thermal insult to alter tissue deposition during the finishing phase of pig growth is unknown. Study objectives were to compare the subsequent rate and quantity of whole-body tissue accretion in pigs exposed to differing in utero and postnatal thermal environments. Pregnant sows were exposed to thermoneutral (TN; cyclical 15°C nighttime and 22°C daytime; n = 9) or HS (cyclical 27°C nighttime and 37°C daytime; n = 11) conditions during their entire gestation. Twentyfour offspring from in utero TN (IUTN; n = 6 gilts and 6 barrows; 62.4 ± 0.7 kg BW) and in utero HS (IUHS; n = 6 gilts and 6 barrows; 61.9 ± 0.8 kg BW) were euthanized as part of an initial slaughter group (ISG). After the ISG, 48 pigs from IUTN (n = 12 gilts and 12 barrows; 66.1 ± 1.0 kg BW) and IUHS (n = 12 gilts and 12 barrows; 63.4 ± 0.7 kg BW) were exposed to constant HS (34.4 ± 1.8°C) or TN (22.7 ± 2.5°C) conditions until they reached 80.5 ± 1.5 kg BW, at which point they were sacrificed and their whole-body composition was determined. Homogenized carcasses were analyzed for N, crude fat, ash, water, and GE content. Data were analyzed using PROC MIXED in SAS 9.3. Rectal temperature and respiration rate increased during postnatal HS compared to TN (39.6 vs. 39.3°C and 92 vs. 58 breaths per minute, respectively; P < 0.01). Postnatal HS decreased (P < 0.01) feed intake (2.13 vs. 2.65 kg/d) and ADG (0.70 vs. 0.94 kg/d) compared to TN conditions, but neither variable was influenced by in utero environment. Whole-body protein and lipid accretion rates were reduced in HS pigs compared to TN controls (126 vs. 164 g/d and 218 vs. 294 g/d, respectively; P < 0.04). Independent of postnatal environments, IUHS reduced future protein accretion rates (16%; P < 0.01) and tended to increase lipid accretion rates (292 vs. 220 g/d; P < 0.07) compared to IUTN controls. The ratio of lipid to protein accretion rates increased (95%; P < 0.01) in IUHS pigs compared to IUTN controls. In summary, the future hierarchy of tissue accretion is altered by IUHS, and this modified nutrient partitioning favors adipose deposition at the expense of skeletal muscle during this specific phase of growth.
composition (Brown-Brandl et al., 2004; Baumgard and Rhoads, 2013) . Heat stressrelated suboptimal production will likely worsen as climate models predict an increase in extreme summer conditions for most U.S. pig-producing areas (Luber and McGeehin, 2008) . Furthermore, continued genetic selection for rapid lean growth increases basal heat production (Brown-Brandl et al., 2004) and this may compromise HS tolerance (Nienaber and Hahn, 2007) . Consequently, there is an urgent need to better understand the mechanisms by which HS hinders efficient pork production.
Normally, during insufficient nutrient intake, metabolic adaptations favor muscle growth at the expense of adipose tissue accretion (Le Dividich et al., 1980; Oresanya et al., 2008) . However, when pigs and other animals are reared in HS conditions (a condition of voluntarily reduced feed intake), carcasses typically accrete more adipose tissue than energetically expected (Katsumata et al., 1990; Geraert et al., 1996; Kouba et al., 2001; Collin et al., 2001b) . This postnatal HSinduced altered nutrient partitioning is just beginning to be characterized (as reviewed by Baumgard and Rhoads, 2013) ; however, the extent to which in utero hyperthermia affects future bioenergetic metabolism and tissue growth patterns remains largely unknown.
Previous studies evaluating nonthermal prenatal stressors reported permanent effects on offspring growth (Foxcroft et al., 2006 (Foxcroft et al., , 2009 , postabsorptive metabolism (Chen et al., 2010; Pinney and Simmons, 2010) , and nutrient partitioning (Ravelli et al., 1976; Barker et al., 1993) , changes that can be broadly characterized by insulin resistance. Consequently, our current study objectives were to compare the future rate and quantity of whole-body tissue accretion in pigs exposed to differing in utero and postnatal thermal environments. We hypothesized that in utero HS exposure would increase postnatal adipose tissue accretion rates at the expense of lean tissue gain.
MATERIALS AND METHODS

In Utero Environments
All procedures involving pregnant sows were approved by the University of Missouri Animal Care and Use Committee. The experimental design, animals, environmental details, and sow litter data have been described previously . Briefly, 6 d after insemination, 20 pregnant first-parity crossbred sows were exposed to thermoneutral (TN; cyclical 15°C nighttime and 22°C daytime; n = 9) or HS (cyclical 27°C nighttime and 37°C daytime; n = 11) conditions until farrowing (Lucy et al., 2012; Johnson et al., 2014) . During gestation, feed intake (FI) was similar in TN-and HS-exposed pigs, as all sows were limit fed to prevent excessive maternal weight gain (standard industry practice; Brendemuhl and Myer, 2009) . Between parturition and weaning, all piglets were exposed to TN environmental conditions as recommended by the Federation of Animal Science Societies (2010). After weaning, all offspring (n = 253) were transported to Iowa State University (Ames, IA).
Postnatal Environments
The Iowa State University Institutional Animal Care and Use Committee approved all procedures involving animals. From weaning to approximately 60 kg BW, all pigs were housed in TN conditions as recommended by the Federation of Animal Science Societies (2010) and allowed to consume water and feed (based primarily on corn and soybean meal) ad libitum. From the 253 pigs transported to Iowa State University, 24 (103.6 ± 3.9 d of age) growing pigs with no previous postnatal HS exposure from in utero TN (IUTN; n = 6 gilts and 6 barrows; 62.4 ± 0.7 kg BW) or in utero HS (IUHS; n = 6 gilts and 6 barrows; 61.9 ± 0.8 kg BW) were selected based on similar BW, balanced by sex, and euthanized as part of an initial slaughter group (ISG). Following the ISG, 48 pigs from IUTN (n = 12 gilts and 12 barrows; 66.1 ± 1.0 kg initial BW) and IUHS (n = 12 gilts and 12 barrows; 63.4 ± 0.7 kg initial BW) were selected based on similar BW, balanced by sex, and then housed in individual pens (0.61 by 2.44 m) in 1 of 2 environmentally controlled rooms. Pigs were evenly distributed within rooms based on treatment and sex. Within each room, ambient temperature and relative humidity (RH; %) were continuously recorded by 2 data loggers (EL-WIN-USB; accuracy: ±1.0°C; Lascar Electronics Ltd., Wiltshire, UK) every 30 min. Circulating fans were used to prevent uneven temperature dispersion. Relative humidity within the rooms was ungoverned.
Twelve barrows (n = 6 IUTN and 6 IUHS) and 12 gilts (n = 6 IUTN and 6 IUHS) were housed in constant TN conditions (22.7 ± 2.5°C and 72.5 ± 10.9% RH), and 12 barrows (n = 6 IUTN and 6 IUHS) and 12 gilts (n = 6 IUTN and 6 IUHS) were maintained in constant HS conditions (34.4 ± 1.8°C and 54.4 ± 9.2% RH) until they reached approximately 80 kg. All pigs were given ad libitum access to a standard commercial diet formulated to meet or exceed nutritional requirements (Table 1; NRC, 1998) . Feed intake was determined weekly and BW was determined every two weeks. Respiration rate (RR; breaths per minute [bpm] ) and rectal temperature (T re ) were obtained twice daily (0800 and 1600 h). Respiration rate was determined by counting flank movement for 15 s and multiplying by 4. Rectal temperature was determined with a calibrated and lubricated thermistor thermometer (Welch Allyn SureTemp Plus; accuracy: ±0.1°C; Welch Allyn, Skaneateles Falls, NY) inserted approximately 10 cm into the rectum of unrestrained pigs.
Blood Sampling and Analysis
Blood (10 mL) was obtained on all pigs via jugular venipuncture (BD vacutainers; Becton Dickinson, Franklin Lakes, NJ; K 3 EDTA; lithium heparin; serum) 1 d before sacrifice at 1500 h (in a fed state and while still experiencing their respective postnatal environmental treatment) and stored on ice until processing; plasma and serum were then harvested by centrifugation at 2,500 × g for 15 min at 4ºC, aliquoted, and stored at -80°C. Glucose concentration was immediately determined from whole blood collected in lithium heparin tubes using a Vet Scan iStat C68+ cartridge (Abaxis, Inc., Union City, CA). Plasma insulin concentration was measured using an ELISA kit (Mercodia Porcine Insulin ELISA; Mercodia AB, Uppsala, Sweden), following the manufacturer's instructions. Commercially available kits were used to determine plasma NEFA (Autokit NEFA; Wako Chemicals USA, Richmond, VA), plasma urea N (PUN; Urea Nitrogen Reagent; TECO Diagnostics, Anaheim, CA), and serum creatine kinase (CK) concentrations (Creatine Kinase-SL Assay; SEKISUI Diagnostics, Charlottetown, PE, Canada). The intra-and interassay CV were 3.8, 7.2, 6.4, and 1. 9% and 8.0, 4.7, 8.3 , and 4.5% for insulin, NEFA, CK, and PUN, respectively. Systemic insulin sensitivity was estimated using the homeostatic model assessment of insulin resistance (HOMA-IR; [glucose (mmol/L) × insulin (mg/L)]/450; Haffner et al., 1996) , and the insulin to FI ratio ([insulin]/ADFI throughout the entire experiment) was calculated for individual pigs.
Serial Slaughter and Subsample Analysis
All pigs used in the postnatal experiment were harvested after an overnight fast in TN conditions at 62.2 ± 0.7 kg BW (ISG) and 80.5 ± 1.5 kg BW (final slaughter group [FSG] ). Initial and final BW were selected to represent the finishing phase in modern pigs. Because a similar BW at sacrifice was an objective, FSG pigs were harvested at different times (23.5 ± 3.5 d on feed).
At sacrifice, pigs were electrically stunned and exsanguinated and blood was collected. Stomach, intestinal, gallbladder, and bladder contents were removed, and liver, spleen, and total viscera weight was recorded. Whole carcass, including head, viscera (minus contents of stomach, intestine, gallbladder, and bladder), and blood were weighed to determine empty BW (EBW). Carcass, head, viscera, and blood of individual pigs were frozen, sectioned, passed twice through a mechanical grinder (Buffalo No. 66BX enterprise, St. Louis, MO), and then passed 4 times through a Hobart 52 grinder with a 5-mm die (model number 4046; Hobart Corporation, Troy, OH) for homogenization. Ground pigs were subsampled, and subsamples were immediately dried in a convection oven (101°C for 24 h) to a constant weight for determination of DM according to method 950.46 (AOAC, 2002) . Dried samples were ground through a 1-mm screen (Retsch ZM 100; Glen Mills Inc., Clifton, NJ) and analyzed for ash, crude fat, N, and GE using methods we have previously described . All chemical analyses were performed in duplicate and repeated when the intraduplicate CV exceeded 3%.
As we have previously described , based on the subsample chemical content, total body composition was determined for water, ash, lipid, and protein using the EBW. In addition, the average chemical composition of IUTN and IUHS pigs in the ISG was used to estimate the initial body compositions of IUTN and IUHS pigs in the FSG, respectively, and tissue accretion was calculated as previously described . Furthermore, to determine carcass gain efficiency (CE), the average carcass weight of IUTN and IUHS pigs in the ISG was used to estimate the initial carcass weight of IUTN and IUHS pigs in the FSG, respectively, and CE was calculated as previously described .
Statistical Analysis
All data were analyzed using the PROC MIXED procedure in SAS 9.3 (SAS Inst. Inc., Cary, NC). Statistical model components included in utero environment (IUTN or IUHS), postnatal environment (TN or HS), sex (barrow or gilt), and all interactions. Sex was removed from the final model because it was insignificant on all measured parameters. All interactions, regardless of significance level, were included in the model and dam was used as a random effect for all analyses. Average daily gain of individual pigs calculated 2 wk before the start of treatment was used as a covariate for analysis of all body composition and growth performance measurements. For repeated analysis of T re and RR, each pig's respective parameter was analyzed using repeated measures with an autoregressive covariance structure with day as the repeated effect. Data are presented as least squares means and statistical significance was defined as P ≤ 0.05 and a tendency was defined as 0.05 < P ≤ 0.10.
RESULTS
Thermal Indices
Over the growth period and regardless of postnatal treatment, RR tended (P < 0.06) to be increased (5 bpm) in IUHS compared to IUTN pigs (Fig. 1A) . Overall, a considerable increase (P < 0.01) in postnatal RR was observed in HS-exposed (92 ± 2 bpm) compared to TN (58 ± 2 bpm; Fig. 1A ) pigs. No in utero × postnatal environment interaction in RR was detected (P > 0.59). While no overall in utero differences were detected, T re increased (P < 0.01) in postnatal HS pigs (39.6 ± 0.1°C) compared to TN controls (39.3 ± 0.1°C; Fig. 1B ).
Growth Performance
Overall, FI did not differ between in utero treatment groups (2.39 kg/d), but postnatal HS reduced (P < 0.01) FI by 19.4% compared to TN controls (Table 2) . No FI differences (P > 0.33) were observed for the in utero × postnatal environment interaction (Table 2) . Overall, ADG was not affected by in utero treatment (0.81 kg/d); however, it was reduced (P < 0.01; 0.23 kg/d) in postnatal HS compared to TN control pigs (Table 2 ). Pigs from IUHS had overall reduced feed efficiency(FE; P < 0.01; 11.1%) compared to IUTN controls (Table 2) . Although no in utero × postnatal interaction was detected, postnatal HS exposure decreased FE (P < 0.02; 9%) compared to postnatal TN conditions ( Table 2) . Regardless of postnatal treatment, CE was reduced (P < 0.03; 14.3%) in IUHS compared to IUTN pigs; however, no postnatal or in utero × postnatal treatment differences in CE (P > 0.30) were observed (Table 2) . Body weight gain per Mcal of ME consumed was reduced (P < 0.03; 9.5%) in IUHS compared to IUTN pigs, regardless of postnatal environment (Table 2) . Overall, BW gain per Mcal of ME consumed was reduced (P < 0.05; 9.5%) in postnatal HS compared to TN-exposed pigs (Table 2) . No in utero × postnatal treatment interaction was observed for BW gain per Mcal of ME consumed (Table 2) .
Organ and Carcass Weights
No treatment differences (P > 0.28) were detected in FSG carcass weight (63.7 kg), spleen weight (0.13 kg), blood volume (3.36 kg), spleen weight as Table 3 ). In utero HS reduced (P < 0.04; 5.5%) head weight compared to control pigs, regardless of postnatal environment (Table 3) . Total viscera and liver weights were reduced (P ≤ 0.05) in postnatal HS pigs by 340 and 80 g, respectively, compared to TN controls (Table 3) . As a percent of EBW, head, total viscera, and liver weights were decreased (P < 0.01; 3.9, 5.6, and 7.3%, respectively; Table 3) in postnatal HS pigs compared to TN controls. Overall, carcass weight as a percent of EBW was not influenced by in utero environment but was increased (P < 0.01; 0.9%) in HS pigs compared to TN controls (Table 3) .
Tissue Composition and Accretion
No in utero or postnatal environment differences (P > 0.12; Table 4) were detected in whole-body percent water (60.5%), lipid (19.7%), or ash (2.6%). Whole-body protein content decreased (P < 0.01; 3.8%) in IUHS compared to IUTN pigs and increased (P < 0.04; 2.1%) in postnatal HS pigs compared to TN controls (Table 4) . Water accretion was reduced (P < 0.01; 23%) in postnatal HS pigs compared to postnatal TN controls (Table 4) . Accretion rates of protein, lipid, and ash from postnatal HS pigs were reduced (P < 0.04) by 39, 78, and 10 g/d, respectively, compared to pigs in postnatal TN conditions (Table 4) . Overall, protein accretion rate was reduced (P < 0.01; 16%; Fig. 2A ) in IUHS compared to IUTN pigs, regardless of postnatal environment (Table 4) . Lipid accretion rate tended (P < 0.07; Fig. 2B ) to be increased in IUHS (292 g/d) pigs compared to IUTN (220 g/d) controls. Regardless of postnatal environment, the ratio of lipid to protein accretion was increased (P < 0.01; 95%) in IUHS compared to IUTN pigs ( Fig. 2C ; Table 4 ). While no in utero differences in whole-body GE content were detected, GE decreased (P < 0.04; 95 kcal/g) in postnatal HS pigs compared to TN controls (Table 4 ).
Blood Analyses
Although not altered by in utero environments, blood glucose and plasma insulin were reduced (P < 0.03) in postnatal HS pigs compared to TN controls (7.5 mg/dL and 0.06 ng/mL, respectively; Table 5 ). There tended (P < 0.09) to be an in utero × postnatal interaction in the insulin to glucose ratio as it decreased (47%) in the IUTN pigs in postnatal HS conditions (IUTN-HS) but was maintained in the IUHS pigs in postnatal HS conditions (IUHS-HS; Table 5 ). Regardless of in utero environment, PUN (P < 0.03; 13%) and HOMA-IR (P < 0.01; 40%) were reduced in postnatal HS pigs compared to TN controls (Table 5 ). The insulin to FI ratio was increased (P ≤ 0.05; 20%) in IUHS-HS compared to IUHS pigs in postnatal TN conditions and reduced (42.9%) in IUTN-HS compared to IUTN pigs in postnatal TN conditions (Table 5 ). No in utero or postnatal differences in NEFA (106.9 mEq/L) or CK concentrations (173.6 units/L) were detected (Table 5) . it continues to constrain efficient livestock production (Baumgard and Rhoads, 2013) . While the effects of HS are primarily evident during the summer months in temperate regions, tropical and subtropical regions can experience prolonged periods of HS, making it not only an economic issue but also a food security and humanitarian concern (Battisti and Naylor, 2009; Müller et al., 2011) . Despite the fact that HS causes well-documented postnatal physiological insults with global implications, the impact of HS during in utero development on future progeny performance is ill defined. Normally, during periods of reduced FI, metabolic adaptations prioritize skeletal muscle growth at the expense of adipose tissue accretion (Le Dividich et al., 1980; Van Milgen and Noblet, 2003; Oresanya et al., 2008) . However, during postnatal HS when FI is voluntarily reduced and insufficient to maintain optimal production, there is an increase in lipid retention in pigs (Kouba et al., 2001) , poultry (Geraert et al., 1996) , and rodents (Katsumata et al., 1990 ) when compared to pair-fed counterparts in TN conditions. This altered metabolic prioritization of tissue development during HS may, in part, be due to an increased capacity to retain and decreased ability to mobilize fat as demonstrated in a variety of species (as reviewed by Baumgard and Rhoads, 2013) .
DISCUSSION
Prenatal stressors (i.e., maternal malnutrition and intrauterine growth retardation) can negatively affect future growth (Foxcroft et al., 2006 (Foxcroft et al., , 2009 , postabsorptive metabolism (Chen et al., 2010; Pinney and Simmons, 2010) , and body composition (Ravelli et al., 1976; Barker et al., 1993) , and these aforementioned phenotypes resemble HS-induced changes in postnatal productivity and metabolism (as reviewed by Baumgard and Rhoads, 2013) . Consequently, the effects and mechanism(s) of nonthermal prenatal stressors may provide a physiological link between the preand postnatal effects of HS on nutrient partitioning. In the present study, IUHS caused a 95% increase in lipid to protein deposition rates (Fig. 2C ) and tended to increase lipid deposition (72 g/d; Fig. 2B ). Increased carcass fat in IUHS pigs coincided with a 16% reduction in protein accretion ( Fig. 2A) . The overall increase in adiposity and reduction in protein accretion in IUHS pigs could be the result of a general in utero stress response that constrains lean tissue synthesis later in life as has been demonstrated in prenatally stressed rodents (Gokulakrishnan et al., 2012) . Because postnatal FI did not differ between in utero thermal treatments, nutrient intake in excess of that needed to support lean tissue synthesis was likely partitioned into adipose tissue to a larger extent in IUHS pigs compared to IUTN controls, and these data may help explain the increased subcutaneous back fat we recently reported in IUHS compared to IUTN pigs (Boddicker et al., 2014) . While this postnatal phenotype differs from what we have previously reported in younger pigs (30 to 60 kg; Johnson et al., 2014) , different growth phases (specifically, the predisposition to accrete adipose and lean tissue) may differentially respond to previous in utero thermal insults. Identifying which stages of future growth are most susceptible to IUHS and discovering the mechanism (s) that mediate this response is of obvious interest. The increase in adiposity and reduction in protein deposition in IUHS pigs indicates that IUHS modifies future nutrient metabolism and the hierarchy of tissue accretion, independent of subsequent environmental exposure. This prenatally induced phenotype could be detrimental to efficient animal protein synthesis, especially in pigs gestated during months and in areas that experience prolonged periods of extreme environmental conditions. Although the mechanism of action is currently unknown, this body composition differential is similar to what has been reported in response to maternal nutrient deprivation (Ravelli et al., 1976) , intrauterine growth retardation (Desai et al., 2005) , and increased maternal dietary fat intake (Tamashiro et al., 2009) , where offspring had increased rates of obesity and reduced protein accretion during postnatal development. However, it is important to note that, in the current experiment, nutrient intake was similar among dams. Consequently, considering the similar phenotypic offspring responses in the aforementioned reports and that of in utero hyperthermia, it is tempting to speculate that any in utero stress, independent of origin/cause, may prenatally program offspring through common mechanisms.
Postnatal HS reduced the accretion rates of almost all tissues compared to postnatal TN-exposed pigs (Table 4) . However, this likely mirrors the consequence of reduced FI (16%) and the resulting decrease in ADG (26%) in postnatal HS pigs compared to TN controls (Table 2) . Presumably the reduced FI limited the NE available for tissue synthesis and, as a consequence, negatively impacted growth rates, resulting in reduced tissue accretion, as has been previously described in heat-stressed pigs (Le Bellego et al., 2002; Kerr et al., 2003; Johnson et al., 2014) .
As expected, postnatal HS in the present study reduced FI, ADG, and FE compared to ad libitum TN conditions (Table 2) . Although no in utero treatment differences were observed in ADG and FI, IUHS pigs had reduced FE (11%), CE (14%), and reduced BW gain per Mcal of ME consumption (10%) compared to IUTN controls. The reduced growth efficiency parameters, despite similar ADG and FI, may be due to either increased maintenance costs or the reorganization of nutrient partitioning priorities. To estimate maintenance requirements in the present study, ME for maintenance (ME maintenance ) was calculated as we have previously described .
Assuming that the efficiency of protein and lipid gain and the efficiency of dietary energy use remained unaltered during HS, it appears that IUHS pigs required approximately 212 kcal ME/d less energy for MEmaintenance compared to IUTN pigs, and this was not due to reductions in visceral mass (Table 3 ). Instead, it is possible that reduced MEmaintenance in IUHS pigs resulted from decreased muscle mass (as indicated by reduced carcass protein content and deposition rate) and, presumably, reductions in protein turnover rates (Van Milgen and Noblet, 2003) . Reduced FE in IUHS pigs is likely reflected by increased adipose and reduced lean accretion rates compared to IUTN controls (Fig. 2C) , because depositing adipose is less efficient than lean tissue (as reviewed by Patience, 2012) .
Independent of in utero environment, pigs exposed to postnatal HS conditions required about 433 kcal/d less energy for MEmaintenance compared to TN controls, and this is similar to our previous report . The estimated decrease in maintenance requirements in our experiment agrees with other reports indicating heat-stressed animals typically have reduced circulating thyroid hormone concentrations (Sano et al., 1983; Prunier et al., 1997) , oxygen consumption (Hales, 1973) , and heat production (Collin et al., 2001a; Kerr et al., 2003; Brown-Brandl et al., 2004; Renaudeau et al., 2013) , variables all associated with decreased maintenance costs. Although maintenance costs appear to be decreased, postnatal gross FE was also reduced by 9% in HS compared to TN controls. However, this reduction may be explained by differences between gross FE measurements and CE. Despite reduced gross FE, postnatal HS-exposed pigs had a numerical increase in CE (3.3%) and a 4.3% reduction in visceral mass compared to TN controls (Table 3 ). These data suggest that reductions in gross FE due to HS (NRC, 1981; Renaudeau et al., 2012) are a result of decreased visceral mass and not due to a reduced rate of converting dietary nutrients into skeletal muscle and adipose tissue, further corroborating our recent report . Furthermore, biological systems may also be altered during HS (e.g., nutrient absorption, endocrine status), potentially compromising efficient growth independently of increased maintenance costs (Baumgard and Rhoads, 2013) . Despite the fact that marked phenotypic changes in postnatal body composition were detected in response to IUHS, no significant bioenergetic differences (i.e., glucose, insulin, and NEFA) were detected between IUHS and IUTN pigs (Table 5) . Reasons for this are not clear but likely include the fact that only 1 blood sample per animal was obtained and body composition changes are a continuous accumulation over time. Blood samples are simply a snapshot in time and these bioenergetic parameters are influenced by numerous environmental factors including time relative to feeding. Postnatal HS reduced circulating glucose and insulin concentrations and plasma insulin concentration per kilogram FI, similar to reports by Rinaldo and Le Dividich (1991) , and increased insulin sensitivity as denoted by a reduced HOMA-IR (Haffner et al., 1996 ; Table 5 ). The apparent HS-induced increase in insulin sensitivity corresponds with previous reports in rodents (Kokura et al., 2007) , pigs , lactating cows (Wheelock et al., 2010) , and humans (McCarty et al., 2009) . Furthermore, the hyperthermia-induced increased insulin sensitivity might be one mechanism for the increased adiposity in HS-exposed pigs (Kouba et al., 2001; Collin et al., 2001b) , as insulin is a potent lipogenic and antilipolytic hormone (Vernon, 1992) .
Pigs housed in the postnatal HS environment also had reduced liver weight, liver weight as a percent of EBW, and total viscera weight as a percent of EBW, regardless of in utero environment, and this confirms previous reports by others (Rinaldo and Le Dividich, 1991;  Table 3 ). As the viscera (particularly the liver) has high metabolic activity (Burrin et al., 1988; Van Milgen and Noblet, 2003) , it is not surprising that size of the splanchnic bed, and likely heat production, would be decreased in response to HS, possibly due to reduced visceral blood flow as described by others (Lambert et al., 2002; Leon and Helwig, 2010) . Regardless of why, the decrease in visceral mass agrees with our idea (Baumgard and Rhoads, 2013; Johnson et al., 2014) , and others' (Collin et al., 2001a; Renaudeau et al., 2013) , that HS actually reduces maintenance costs and heat production in the growing pig.
In utero HS caused a multitude of postnatal phenotypic alterations, namely, an increase in adiposity with a concomitant decrease in protein accretion during the finishing phase of pig growth. This shift in nutrient partitioning may have negative implications with regards to the amount of lean tissue ultimately synthesized by pigs gestated during the summer months. The negative consequences of IUHS on postnatal body composition would not be apparent until the animals reached market weight during mid to late spring. As a consequence, the impact of HS on the global pork industry may be much more extensive than originally thought. Future research attempting to identify the stage of gestation that is most susceptible to environmental hyperthermia may provide the foundation for developing mitigation strategies that minimize the negative consequences of summer HS. 1 IUTN-TN = in utero thermoneutral pigs in postnatal thermoneutral conditions; IUHS-TN = in utero heat-stressed pigs in postnatal thermoneutral conditions; IUTN-HS = in utero thermoneutral pigs in postnatal heat stress conditions; IUHS-HS = in utero heat-stressed pigs in postnatal heat stress conditions. 2 IE = in utero environment; PE = postnatal environment.
3 Insulin concentration per kilogram of feed intake.
4 HOMA-IR = homeostatic model assessment of insulin resistance (quantification of insulin resistance). AU = Arbitrary Units. 5 PUN = plasma urea N.
Conclusion
In utero programming can permanently modify offspring metabolism and development, and we have now demonstrated that maternal hyperthermia alters the future hierarchy of tissue synthesis. Specifically, pigs experiencing IUHS deposited less skeletal muscle and more adipose tissue during the postnatal development stage characterized by rapid adipose accretion. These results have implications to the future performance and carcass quality of animals gestated in HS conditions and could compromise the efficiency of lean tissue production, especially in areas that experience prolonged periods of extremely high ambient temperatures. Consequently, the negative consequences of IUHS on future livestock productivity needs to be considered when attempting to quantify the impact of climate change on animal agriculture.
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